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By means of computer simulations of a coarse-grained DNA model we show that the DNA hairpin
zippering dynamics is anomalous, i.e. the characteristic time τ scales non-linearly withN , the hairpin
length: τ ∼ Nα with α > 1. This is in sharp contrast with the prediction of the zipper model for
which τ ∼ N . We show that the anomalous dynamics originates from an increase in the friction
during zippering due to the tension built in the closing strands. From a simple polymer model we
get α = 1+ν ≈ 1.59 with ν the Flory exponent, a result which is in agreement with the simulations.
We discuss transition path times data where such effects should be detected.
PACS numbers: 05.10.-a, 05.40.-a, 64.70.pj, 02.70.Ns
The folding dynamics of DNA (or RNA) hairpins,
which are single stranded molecules forming a stem-loop
structure, has been a topic of broad interest within the
biophysics community for a long time [1–7]. Hairpin fold-
ing is a prototype example of secondary structure for-
mation [8] and shares common features with the more
complex case of protein folding [9]. In both cases the
folding process is described by a one-dimensional reac-
tion coordinate performing a diffusive motion across a
free energy potential barrier (see e.g. [10]). Recent ad-
vances in experimental single molecule techniques allow
to monitor the folding of hairpins [7] and of proteins [11]
with an unprecedented time resolution. These and fu-
ture experiments are expected to elucidate many aspects
of the folding dynamics [12], the reason being that the
actual conformational changes occur on timescales which
can be typically a few orders of magnitudes smaller than
the total folding time [11].
The aim of this letter is to investigate the folding dy-
namics of DNA hairpins, focusing in particular on the
rapid zippering which follows the formation of a stable
nucleus of a few base pairs. The latter process is gener-
ally much slower as initially the hairpin undergoes a large
number of failed nucleation attempts. We show here that
the zippering time τ scales with the hairpin length N as
τ ∼ Nα with α > 1. This conclusion is based on exten-
sive simulations of coarse-grained model of DNA and on
scaling arguments for polymer dynamics. Our results are
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FIG. 1. Snapshot of a DNA hairpin at the end of the folding
process as simulated by the 3SPN model. The 3 mesoscopic
beads are sugar (S), phosphate (P) and one of the four differ-
ent bases (A,T,C and G).
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FIG. 2. Plot of n(t), the number of bound native base pairs,
as a function of time for five different molecular dynamics runs
of folding of an hairpin with stem of length 40 at T = 10◦C. In
the simulations only native base pairs interactions are taken
into account. The folding is characterized by a long timescale
for the formation of a nucleus of a few base pairs (ta), followed
by a rapid zippering (tb).
at odds with the zipper model [13] which assumes that
the hairpin closes like a zipper following a biased ran-
dom walk dynamics, which implies α = 1. The results
give insights on the forces involved in the folding pro-
cess and in particular in the role of frictional forces. In
addition, as argued at the end of this letter, recent exper-
iments on transition path times [7] appear to be better
described by a non-linear dependence of zippering time
vs. N , supporting the results reported here.
Despite neglecting the fine atomistic details, coarse-
grained models are expected to provide an accurate de-
scription of the structure and dynamics of DNA [14–17].
Our simulations were performed using the three sites
per nucleotide (3SPN) model [14]. Here a nucleotide is
mapped to three “mesoscopic” beads representing sugar,
phosphate and base as shown in the snapshot of Fig. 1.
The force fields contain interaction terms for bonds, an-
gles and dihedral angles with equilibrium values repro-
ducing the B-DNA structure. In addition there are base-
pairing, stacking and electrostatic interactions [14, 18].
We performed Langevin dynamics simulations using the
BBK integrator [19] and with force fields parametrized
as in Ref. [20]. Simulations were performed at different
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FIG. 3. (a) Schematic representation of the initial “clamped”
conformation: a high binding energy is assigned to four base
pairs close to the middle loop so that they remain bound
during the simulation run. (b) During zippering a stem-flower
conformation is formed where part of the single strands are
stretched and set into motion (the stems), while part of the
strands are “unperturbed” as in their original conformation
(the flowers). Here, f denotes the force applied along the
backbone of the strands, close to the fork point.
temperatures T = 10◦C and T = 30◦C and for hairpins
of different lengths with sequences selected as follows. A
single master sequence with a random alternation of AT
and CG base pairs was generated. The hairpin sequences
were taken from the master sequence starting from its
origin so that two hairpins of different lengths N1 > N2
share the same N2 pairs of nucleotides.
As the focus of this paper is the zippering dynamics
which follows the formation of a few native contacts,
we consider base-pairing interactions only between na-
tive base pairs, as in the original 3SPN model [14]. Fig-
ure 2 shows a plot of n(t) vs. t, the number of native
contacts as a function of time. Two timescales are vis-
ible in the plot: the formation of a stable nucleus (ta)
is followed by a rapid zippering (tb  ta). The analysis
of the simulations reveals that the nucleation predomi-
nantly occurs at nucleotides close to the middle of the
strand. Hence, in order to speed up the simulations, we
used as initial state a “clamped” configuration as that
shown in Fig. 3(a): a high binding energy was assigned
to four pairs of nucleotides close to the middle of the
DNA strand. This energy was chosen sufficiently high
so that the base pairs never unbind during the simula-
tion runs. A single stranded segment of four adenine
nucleotides joins these two clamped regions together on
one side, forming the loop of the hairpin. During an ini-
tial relaxation stage the attractive part of the base pair-
ing interactions between all the bases in the two strands
were turned off, except for the four clamped base pairs.
At a given time (t = 0) the attractive energies on the
two strands are turned on and the zippering starts (see
Fig. 3(b)). Note that the repulsive part of the base pairs
interaction is however always on.
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FIG. 4. Log-log plot of n(t) vs. t for various hairpin lengths
N (averaged over typically some 2000 runs) obtained start-
ing from the clamped conformations of Fig. 3. The solid line
is the prediction of the zipper model (n(t) ∼ t), the dashed
line is that from the stem-flower model depicted in Fig. 3
and discussed in the text. Inset: Log-log plot of zippering
times as functions of the hairpin length. The two sets of data
correspond to hairpin formed at two different temperatures
T = 10◦C and T = 30◦C. The simulation data are in agree-
ment with the prediction of Eq. (1), shown as dashed lines.
Note that there are some finite size effects for N < 20.
Figure 4 shows a plot of the number of formed base
pairs vs. time in a log-log scale for a simulation temper-
ature of T = 30◦C and for hairpins of length N = 10
to N = 48. Here N indicates the maximal number of
base pairs which can be bound during the simulation,
excluding the initially clamped pairs. Hence counting
the eight bases which are clamped and four in the loop,
a given N corresponds to a sequence of a single strand
with 2N + 12 nucleotides. In Fig. 4 we plot the linear
law n(t) ∼ t expected in the zipper model; clearly the dy-
namics is slower than predicted from the zipper model.
The data instead follow a power-law scaling which is con-
sistent with n(t) ∼ t1/(1+ν), where ν = 0.59 is the Flory
exponent [21]. This behavior matches the theory dis-
cussed below. We estimate the characteristic zippering
time by requiring that the number of formed base pairs
is a fraction of the total N , i.e. n(τ) = λN , where we
took different values for λ in the range 0.4 ≤ λ ≤ 0.8.
The inset of Fig. 4 shows a plot of τ (circles) obtained by
setting λ = 0.7 vs. the hairpin length N . The data follow
a power-law behavior τ ∼ Nα with α = 1.59(2) (circles).
The simulations were repeated at T = 30◦C (squares)
with a similar result. Taking into account the results
from both temperatures, and the variations arising from
the different possible choices of λ, we arrive at the afore-
mentioned final result of α = 1.60(3), which is consistent
with τ ∼ N1+ν . Figure 5 shows a plot of Ree(t)/Ree(0)
and n(t)/N vs. t. The end-end distance Ree(t) starts
from its maximal value and drops to a small constant
3value when the hairpin closes, while n(t) increases as the
zippering proceeds. By comparing the two quantities at
equal times (dashed vertical line) one sees that Ree still
largely retains its initial value while roughly a quarter
of the base pairs have already formed. This indicates
that only a part of the single strands are set into motion
when the hairpin starts forming, while the far ends of
the two strands are still in their equilibrium configura-
tion. Such conformation is known in polymer physics as
a stem-flower shape (see Fig. 3(b)) and it is the cause of
the anomalous dynamics, as discussed below. The inset
of Fig. 5 shows a plot of the initial value of the Ree as
a function of N , showing that in the 3SPN model the
asymptotic regime ∼ Nν is reached at around N = 20
(note that N is the length of a single strand, hence Ree,
the distance between the end points refers to a separation
of 2N nucleotides).
The stem-flower dynamics has been discussed in the
context of the absorption of polymers to a flat sur-
face [22]. The number of bound base pairs n(t) is ex-
pected to follow the equation
γ(n) n˙ = f (1)
where f is the constant force due to base pairing (aver-
aging over differences between AT and CG base pairs),
while the friction γ is assumed to be n-dependent, since
it arises from the stretched stems whose length varies in
time (as the flower remains static, it does not contribute
to the friction). We thus expect γ to scale as the num-
ber of bases in the stem: γ ∼ Ns [22]. We can work
out the n-dependence of the friction coefficient by notic-
ing that the distance between the static flowers (AB in
Fig. 3) scales as the end-end separation of a single strand
of 2n + 2Ns nucleotides in equilibrium. During zipper-
ing, this distance is bridged by the two stems which are
stretched back-to-back yielding a separation ∼ 2Ns. As
such [22–24]:
γ(n) ∼ Ns ∼ (n+Ns)ν (2)
where we have assumed that the conformation of a strand
with n + Ns nucleotides is described by a self-avoiding
walk statistics. Furthermore for n sufficiently large we
approximate γ(n) ∼ nν [25]. Hence Eq. (1) becomes
nν n˙ ∼ f which has solution (with n(0) = 0):
n(t) ∼ t1/(1+ν) (3)
and the total zippering time obtained from n(τ) ∼ N is
τ ∼ N1+ν . (4)
The theory discussed here is valid in the asymptotic limit
of long DNA strands such that their equilibrium prop-
erties are described by the self-avoiding walks statistics
Ree ∼ Nν . This behavior is seen in the 3SPN model
simulations reported in the inset Fig. 5. Although the
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FIG. 5. Plots of Ree(t)/Ree(0) and n(t)/N as functions of
time for the longest hairpin simulated (N = 48). At the time
marked by the vertical dashed line the end-end distance still
retains its initial value while about 1/4 of the hairpin bases
are formed. The cross indicates the value of Ree(t)/Ree(0)
expected if the configuration with the given n(t) was in equi-
librium. Inset: The initial value of Ree as a function of the
hairpin length. The dashed line shows the expected asymp-
totic equilibrium behavior Ree(0) ∼ Nν .
hairpin simulated are rather short the data of Fig. 4 show
good convergence to the expected asymptotic behavior.
We note that hydrodynamics interactions do not modify
the predicted exponent in the stem-flower regime, as the
friction originates from the stretched parts of the single
strands. Hence the scaling τ ∼ N1+ν is expected to be
relevant for experiments.
Anomalous dynamics in polymers has been studied a
lot in the past decade ([22–24, 26–31]). Besides the al-
ready mentioned case of polymer absorption to a planar
substrate [22] the exponent 1+ν also governs the dynam-
ics of driven translocation through a small pore (see e.g.
[27, 28]). The formation of a stem-flower shape in DNA
hairpin dynamics is also supported by polymer physics
arguments. Let us consider a single polymer pulled by
a constant force f applied to one of its end monomers
[32]. A stem-flower conformation arises if the force is
large enough such that [27, 33]
Σ =
fa
kBT
>∼ 1 (5)
where a is the monomer-monomer distance. In DNA
hairpins f is the force due to base pairing (see Fig. 3),
which can be estimated from the hybridization free en-
ergy per nucleotide: ∆G ≈ fa. For ∆G we use the exper-
imentally determined values from the nearest-neighbor
model from Ref. [34]. Distinguishing between weak
(AT) and strong (CG) base pairings we obtain estimates
1 <∼ Σ <∼ 3.6 at T = 37◦C and 2 <∼ Σ <∼ 5 at T = 10◦C.
This suggests that the base-pairing in real DNA hairpin
is sufficiently strong to produce a stem-flower conforma-
tion.
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FIG. 6. Measured transition path times for nucleic acids fold-
ings as a function of the stem length in a log-log scale (data
from Ref.[7]). The results suggest a superlinear scaling, im-
plying anomalous dynamics. The dashed line is the result of
a weighted fit, giving an exponent 1.6(4). The thin solid line
is a fitted linear law.
There has been quite some recent interest in the experi-
mental determination of the transition path times (TPT),
which are the short timescales in which the folding pro-
cess actually takes place [7, 35]. In analogy to what is
shown in Fig. 2, the TPT are much shorter than the total
folding time and their measurement is very challenging.
The TPT recently measured in nucleic acids of different
lengths [7] are shown in Fig. 6. We note that there is a
difference in absolute timescales of the simulations from
the 3SPN model of the inset of Fig. 4 and those of the
experiments. This is because the coarse-grained model
contains some simplifications; for instance it does not
include explicit solvent effects [14], which usually slow
down the dynamics. However the exponent characteriz-
ing the dynamical laws is expected to be universal, de-
spite the difference in absolute times. A weighted fit,
which weights the error bars in each point, of the data
of Fig. 6 yields τ ∼ N1.6(4). The limited data favor a
superlinear scaling compared to a linear scaling as ex-
pected from the zippering model. We note that only
very recently TPT have been measured, therefore a lim-
ited amount of data is available. In addition, the TPT
are obtained indirectly as via energy landscape theory [7],
using some assumptions on the underlying dynamics. It
would be interesting to extend the TPT measurements to
test the anomalous dynamics scenario, which, as shown
in this work, is supported by theory and simulations.
Our results show that the simple diffusive motion pre-
dicted by the zipper model cannot explain the simula-
tion data. However, the data are compatible with a
diffusive dynamics with a n-dependent diffusion coeffi-
cient, obtained from the fluctuation-dissipation relation
D(n) = kBT/γ(n). Diffusion coefficients which depend
on the reaction coordinate have been recently discussed
in the protein folding literature [10]. In the context of
the stem-flower folding in DNA hairpin dynamics the
coordinate-dependence arises naturally from the increas-
ing friction of the closing strands, which should lead to a
decrease in D(n). We expect that this should also hap-
pen in the folding of other biomolecule domains; for in-
stance in the formation of an alpha helix the two ends of
the unfolded polypeptide are pulled towards the helical
domain, producing frictional forces similar to those de-
scribed here. Therefore, this discussion could be useful
to rationalize the observed diffusion coefficients in other
types of biomolecular folding.
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